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a b s t r a c t
ZnTe nanocrystals were successfully grown by heat-treating a host glass matrix that had been synthe-
sized by fusion. Room temperature optical absorption and photoluminescence excitation spectra and
atomic force microscopy images showed the formation of three well-deﬁned, different sized groups of
nanocrystals: quantum dots and bulk-like nanocrystals. Photoluminescence spectra showed emissions
belonging to both of these groups as well as deep defects in the electronic structure of the ZnTe nanocrys-
tals. Strong agreement between the ﬁt of the model based in rate equation and the experimental inte-
grated photoluminescence intensity data showed that this described the temperature dependent
carrier dynamics of ZnTe nanocrystals.
 2014 Elsevier B.V. All rights reserved.
1. Introduction
Semiconductor quantum dots (QDs) have attracted a great deal
of attention due to their interesting optical and electrical proper-
ties that result from quantum conﬁnement and differ signiﬁcantly
from bulk properties [1]. ZnTe is prominent among group II-VI QD
semiconductors because it has a direct band gap (bulk) of 2.26 eV
at room temperature [2,3], optical transitions in the green region of
the electromagnetic spectrum and an exciton Bohr radius of 5.2 nm
[4,5]. ZnTe semiconductors, with or without quantum conﬁnement
properties, have potential applications in electro-optic and acou-
sto-optic devices, green laser generation, laser diode substrates
and as photoreactive material for optical data processing [6].
ZnTe nanocrystals (NCs) can be synthesized by various methods
including the vapor–liquid–solid technique [7], the solvothermal
method [8], growth on substrates by pulsed laser deposition tech-
nique [2], magnetron sputtering [9] and mechanical alloying [10].
Most of these preparation methods use sophisticated instruments
or expensive reagents and are time intensive. Consequently, the
search continues for simple, effective, low-cost alternatives. In this
context, ZnTe nanocrystals were grown in a glass matrix synthe-
sized by fusion. The fusion method is one alternative that can be
used to synthesize glass systems that host various types of semi-
conductor NCs [11–14].
Comparisons between the optical properties of ZnTe QDs and
bulk-like NCs are generally conducted in different types of matri-
ces. To the best of our knowledge, this study is probably the ﬁrst
to simultaneously investigate the carrier dynamics of ZnTe QDs
and bulk-like NCs while both are embedded in the same host mate-
rial. A model, based on temperature dependent PL spectra and a
rate equation was developed to describe carrier dynamics between
the electronic states of the QDs and the conduction band of the
bulk-like NCs.
2. Experimental details
2.1. Synthesis of ZnTe NCs
ZnTe NC growth was detected after manipulating the PZABP
glass matrix for a relatively long time. This process produced a
UV-transparent template with ﬁnal nominal composition:
65P2O514ZnO1Al2O310BaO10PbO (mol%). Next, 1Te (wt%) was
homogenized, weighed and added to the matrix. Standard proce-
dures for sample preparation were adopted. The powders were
ﬁrst mixed and then fused at 1300 C for 30 min and ﬁnally cooled
to room temperature. NCs of different sizes were obtained by
annealing samples at 480 C for different durations. Six to
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eight hours of annealing not only favored controlled diffusion of
Zn2+ and Te2 ions but also stimulated ZnTe NC nucleation and
growth. Average dot size in the manipulated PZABP template was
dependent on annealing time.
2.2. Instrumentation
The optical absorption (OA) spectrum shows optical transition
peaks in the ultraviolet–visible–near infra-red (UV–VIS–NIR) range
from 250 to 750 nm. These peaks were recorded with a Shimadzu
UV-3600 UV–VIS–NIR spectrometer operating between 190 and
3300 nm. Photoluminescence (PL) was measured with a 405 nm
(3.06 eV) continuous wave laser focused at 200 nm and excita-
tion power of 2.5 mW. Photoluminescence excitation (PLE) spectra
were recorded using a 300W xenon lamp and two monochroma-
tors: one as an excitation source (0.3 m focal length, Cornerstone)
and the other as a detector (0.5 m focal length, Jarrel-Ash). The sig-
nal was detected with a GaAs tube photomultiplier (Hamamatzu
R636-10) linked to the second monochromator using a standard
lock-in technique (Stanford SR 510). Atomic force microscopy
(AFM) images were obtained with a Multimode Nanoscope IIIa
(Digital Instruments – Veeco). Luminescence spectra were col-
lected from 20 K to 300 K using a USB4000 Ocean Optics spectrom-
eter equipped with a Toshiba TCD1304AP 3648-element linear
CCD-array detector and a GG 435 nm long-wave-pass ﬁlter. Sample
temperatures were controlled by a closed-cycle He cryostat (Janis,
model CCS – 150) equipped with a Lake Shore temperature con-
troller (Model 805).
3. Results and discussion
3.1. OA and PL spectra
Figure 1 shows the optical absorption (OA) (thick solid lines)
and photoluminescence (PL) (thick dotted lines) spectra, obtained
at room temperature, for the glass samples containing ZnTe NCs
after annealing at 480 C for 0 h (panels (a)), 6 h (panels (b)) and
8 h (panels (c)). In the panel (d) is shown the OA spectrum of
the PZABP glass matrix (without doping), which is transparent in
the near ultraviolet. It has been reported that the PZABP glass ma-
trix is an adequate environment to induce a controllable growth of
the ZnTe NCs [13–15]. Open circles represent the GAUSSIAN ﬁt of the
OA and PL spectra. OA spectra show good ﬁt after considering four
electronic transitions, represented in this ﬁgure by four continu-
ous GAUSSIAN peaks. The OA bands centered at approximately
367 nm (3.38 eV) and 402 nm (3.08 eV) are attributed to simi-
larly-sized ZnTe QDs called QD1 and QD2, respectively. The OA
band centered at approximately 535 nm (2.33 eV) is attributed
to ZnTe bulk-like NCs. The fourth peak, at a lower wavelength
(lower than 280 nm (Eg = 4.43 eV)) is related to the glass optical
gap. As annealing time increases, the OA spectra redshift from
3.38 eV to 3.31 eV and from 3.08 eV to 3.02 eV, which are the
absorption bands attributed to QD1 and QD2, respectively. This
provides clear evidence that NC quantum conﬁnement decreases
as NC size increases. The OA band centered at 2.33 eV, on the other
hand, remains practically unchanged as annealing time lengthens.
Nevertheless, the PL spectra showed good ﬁt after considering ﬁve
electronic recombinations, represented by dashed GAUSSIAN peaks
(Figure 1a). Emissions linked to the three groups of ZnTe NCs
can be seen in the PL spectra (300 K). One of these, centered at
approximately 440 nm (2.82 eV), is attributed to QD1 emission
electronic transition, another, centered at approximately 490 nm
(2.53 eV), is attributed to QD2 emission electronic transition and
the other, centered around 580 nm (2.14 eV), is attributed to
bulk-like ZnTe NCs.
These spectra demonstrate that wavelengths in the QD emis-
sion band lengthen with longer annealing times. Dependence be-
tween electronic levels and NC size in quantized systems is
explained by quantum conﬁnement effects [16]. Relative to other
semiconductors such as lead telluride (PbTe) and indium antimo-
nide (InSb), the quantized electronic levels of ZnTe NCs change lit-
tle with NC size [16]. Therefore, the small energy variation with
increasing ZnTe QD size observed in the OA and PL spectra is in
agreement with the literature and provides further conﬁrmation
of the formation of NCs with quantum conﬁnement properties.
The emission band associated with bulk-like NCs, nevertheless, re-
mains practically unchanged. This also supplies clear evidence of
the formation of ZnTe NCs with bulk-like properties. Figure 1 also
Figure 1. Room temperature OA (thick solid lines) and PL (thick dotted lines)
spectra of ZnTe NCs grown in the near UV-transparent PZABP template. Panel (a)
shows the spectra of the as-grown samples without thermal treatment. Open circles
represent GAUSSIAN ﬁts of OA and PL spectra. The horizontal bar between downward
pointing arrows of different colors represents the DStokes for QD1, QD2 and bulk-
like NCs. DStokes is depicted for each spectrum for samples containing different
sized ZnTe NCs, annealed at 480 C for (a) 0 h, (b) 6 h and (c) 8 h. Panel (d) shows OA
spectrum of the PZABP glass matrix. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
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shows the Stokes shift (DStokes), which corresponds to the redshift
in the PL spectra relative to OA. This phenomenon is quite common
in semiconductor nanocrystals and is due to the formation of
acceptor and/or donor levels in the nanocrystal-glass interface
and the unfolding of exciton states generated by electron–hole ex-
change interactions [6,17]. (DStokes) as a function of annealing
time was determined for ZnTe NCs in QDs and bulk-like form. Ta-
ble 1 shows that DStokes decreases with increasing average NC
size. ZnTe dot sizes were estimated by an effective mass approxi-
mation (EMA) model where the energy transition energy between
electron and heavy-hole can be obtained by the following equation
Econf ¼ Eg þ h2p22lR2  1:8 e
2
eR [18]. Here, Eg (Eg ZnTeð Þ ¼ 2:26 eV [2,3]) is the
energy gap of bulk semiconductor, l is the electron-hole reduced
effective mass (lZnTe ¼ 0:1m0 ¼ 9:11 1032 kg [19]) and R is the
radius of the spherical region of conﬁnement. The third term is
an estimation for electron–hole Coulomb interaction where e is
the dielectric constant (eZnTe ¼ 8:7h2p2 ¼ 1:09 1067 J:s [19]). If
we replace the third term in the EMA model by the bulk heavy-
hole exciton binding energy (Eex ZnTeð Þ ¼ 18 meV [19]) we observed
that the structures formed over the new PZABP templates show
bulk properties beyond R = 5.39 nm [13]. Using experimental OA
peaks, we estimated average sizes (R) for the ZnTe QDs as:
1.83 nm (annealed at 0 h), 1.89 nm (annealed at 6 h) and 1.93 nm
(annealed at 8 h) for the QD1 and 2.64 nm (annealed at 0 h),
2.85 nm (annealed at 6 h) and 2.93 nm (annealed at 8 h) for the
QD2.
3.2. OA and PLE spectra, k.p calculation and AFM images
Figure 2A shows room-temperature PLE (continuous-black line)
and OA (continuous-red line) spectra for the glass sample contain-
ing ZnTe NCs annealed at 480 C for 6 h. Figure 2B shows the k.p
calculation for the spherical ZnTe NCs embedded in the glass ma-
trix and Figure 2C shows the AFM images of the same glass sample.
It is well accepted that the electronic spectrum in the crystal
ﬁeld potential of a given semiconductor nanostructure can be suc-
cessfully described using the k.p multiband theory. We used the
8  8 Kane–Weiler k.p model, which takes into account the inter-
actions between the C6, C8, C7 bands exactly and considers the
contributions of the remote bands. The inherent symmetry of the
k.p Hamiltonian allows the Hilbert space to be separated into
two orthogonal subspaces. The wave functions are expanded in
eight-component spinors in each subspace of the Hilbert in terms
of the exact solutions of the diagonal terms for each type of carrier.
Ref. [20] presents a detailed discussion of the k.pmethodology. The
complete set of k.p Hamiltonian parameters for ZnTe is given in
Ref. [21]. Figure 2B shows the allowed optical transition energies
as a function of QD radii. It is possible to clearly identify the elec-
tronic transitions of two different QD groups. PLE is a useful way to
investigate the electronic level structure of materials with low
absorption due to its superior signal-to-noise ratio relative to
absorption measurements [22]. Additionally, the k.p method is a
powerful theoretical tool for calculating the energy levels of elec-
trons and holes in NCs, including the excited states. The PLE spec-
trum (Figure 2A) of the sample annealed for 6 h shows four peaks
at approximately 329 nm (3.77 eV), 380 nm (3.26 eV), 417 nm
(2.97 eV) and 456 nm (2.72 eV). These peaks are in the same spec-
tral region of the QD transitions observed in the OA spectra, as can
be seen in Figure 2A. The blue arrow in the PLE spectrum repre-
sents the k.p (8  8) calculation of the ﬁrst excited state and the
ground state for two nanocrystal groups, identiﬁed as QD1 with
R = 1.96 nm and QD2 with R = 3.23 nm. The calculation is in good
agreement with the PLE transitions. Therefore, using the energy
transitions obtained from the k.p calculation, the peaks at approx-
imately 329 nm and 380 nm were assigned, respectively, to the
ﬁrst excited state and the ground state of the QD1 nanocrystal
group, which averaged 1.96 nm. The peaks at approximately
418 nm and 456 nm were assigned, respectively, to the ﬁrst ex-
cited state and the ground state of a second nanocrystal group
identiﬁed as QD2, which averaged 3.23 nm. The AFM images in Fig-
ure 2C clearly show three ZnTe NC groups: bulk-like (left panel)
with R  14.23 nm, QD1 with R  1.98 nm and QD2 with
R  2.81 nm (right panels). The QD sizes obtained from these
AFM images are in good agreement with those estimated by OA,
from the effective mass theory, and PLE, from the k.p calculation.
3.3. Temperature dependent PL spectra
Figure 3A–C show the temperature dependent PL spectra for the
ZnTe NC samples annealed at 480 C for 0, 6 and 8 h, respectively.
These PL spectra are in good agreement with the ﬁve GAUSSIAN
curves (blue dotted lines). Emission electronic transitions from
QDs (EQD1 and EQD2 ) and the electron–hole recombinations of the
bulk-like NCs (EBulk-like) can be seen. The PL emission at about
525 nm (2.37 eV) is attributed to deep defects related to zinc
vacancies (EVZn ) [5,23,24] in the ZnTe QDs. The PL emission cen-
tered at 630 nm (1.98 eV) is related to oxygen centers (EO),
[5,25–28] in both QDs and bulk-like NCs.
For each of the previously mentioned emissions, the relative
intensity of the PL spectra changes slightly as temperature in-
creases. In addition, luminescence rises with increasing defects
from zinc vacancies and oxygen centers and decreases relative to
EQD1 and EQD2 states (left side of the spectrum, Figure 3). This indi-
cates that increases in temperature (from 20 to 300 K) contribute
to non-radiative energy transfer via charge carriers from higher en-
ergy states to lower ones. These PL spectra show that increases in
the average size of ZnTe NCs favor non-radiative energy transfer.
3.4. Study carrier dynamics
Figure 4 shows a schematic energy transfer model that illus-
trates radiative (r) and non-radiative (nr) recombinations in the
PL spectra. White wavy arrows represent non-radiative energy
transfer from the QD (QD1 and QD2) electronic states and the con-
duction band (CB) of bulk-like NCs. Transfer rates are given by
1=smnr (m = A, B, C, A0, B0, C0, A00 and B00). Here,m represents non-radi-
ative channels and (A) speciﬁes QD1 virtual levels, (B) the QD1 elec-
tronic states and (C) deep defect levels attributed to zinc vacancies
(VZn); (A0) speciﬁes QD2 virtual levels, (B0) the conduction band and
(C0) deep defect levels attributed to zinc vacancies (VZn). The two
non-radiative transition channels for the bulk-like NCs are speci-
ﬁed by (A00) for the bulk-like virtual levels and (B00) for the defect
levels attributed to oxygen complex centers. These energy trans-
fers may be strongly inﬂuenced by quantum conﬁnement because
of the thermal activation energy.
The diagram in Figure 4 can be used to study carrier dynamics
where j1QD1 i represents the QD1 electronic states, j1QD2 i represents
Table 1
Dependence on annealing time for OA and PL energy peaks and DStokes energies of
ZnTe NCs (QD1, QD2, bulk-like) embedded in the PZABP template glass.
Annealing time
(h)
480 C/0 h 480 C/6 h 480 C/8 h
QD1 OA (eV) 3.38 3.32 3.31
QD1 PL (eV) 2.82 2.81 2.79
QD1 DStokes (eV) 0.56 0.54 0.52
QD2 OA (eV) 3.08 3.04 3.02
QD2 PL (eV) 2.53 2.52 2.51
QD2 DStokes (eV) 0.55 0.52 0.51
Bulk-like OA (eV) 2.33 2.33 2.33
Bulk-like PL (eV) 2.14 2.14 2.14
Bulk-like DStokes (eV) 0.19 0.19 0.19
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the QD2 electronic states and j1bi represents the bulk-like NC con-
duction band (CB). The number of carriers in these states is depen-
dent on temperature T and represented by N1ðTÞ;N2ðTÞ and NbðTÞ;
respectively. Because the carriers are thermally distributed (repre-
sented by eEm=KBT ), the three QD1 non-radiative channels provide
activation energy Em (m = A, B and C) and the three QD2 non-radi-
ative channels provide activation energy Em (m = A0, B0 and C0),
which correspond to the non-radiative path of each charge carrier.
Similarly, carriers transferred by non-radiative channels, related to
bulk-like NCs, acquire activation energy Em (m = A00 and B00). In this
study we consider exciton effects negligible.
In Figure 4, the straight, downward pointing arrows represent
radiative emissions from several sources: QD1 (1=sQD1r ), QD2
(1=sQD2r ), bulk-like NCs (1=sbr ), deep defects related to zinc vacan-
cies (EVZn ) and oxygen complex centers (EO), as observed in the PL
spectra. The upward pointing arrows (g, g0 and g00) represent carrier
pumping from the exciton laser to the QD1, QD2 and bulk-like NC
conduction bands, respectively. Thus, with the transitions from
QD1 levels j1QD1 i, QD2 levels j1QD2 i and bulk-like NC levels j1bi, car-
rier dynamics can be described by the following expressions:
dN1ðTÞ=dt ¼ þg  N1=sQD1r  N1ðTÞeEA=kBT=sAnr
 N1ðTÞeEB=kBT=sBnr  N1ðTÞeEC=kBT=sCnr; ð1Þ
dN2ðTÞ=dt ¼ þg0  N1ðTÞeEB=kBT=sBnr  N2ðTÞ=sQD2r
N2ðTÞeEA0 =kBT=sA0nr  N2ðTÞeEB0 =kBT=sB
0
nr
N2ðTÞeEC0=kBT =sC0nr
ð2Þ
dNbðTÞ=dt ¼ þg00 þ N2ðTÞeEB0=KBT =sB0nr  NbðTÞ=sbr
 NbðTÞeEA00=kBT =sA
00
nr  NbðTÞeEB00=kBT =sB
00
nr ð3Þ
In Eq. (1), N1ðTÞ=sQD1r represents radiative emissions from QD1.
N1ðTÞeEA=kBT=sAnr , N1ðTÞeEB=kBT=sBnr and N1ðTÞeEC=kBT=sCnr represent
non-radiative energy transfers from QD1 to virtual levels, QD2
and defect levels related to VZn, respectively. In Eq. (2),
N2ðTÞ=sQD2r represents radiative emissions from QD2.
N2ðTÞeEA0 =kBT=sA0nr , N2ðTÞeEB0 =kBT=sB
0
nr and N2ðTÞeEC0 =kBT=sC
0
nr represent
non-radiative energy transfers from QD2 to virtual levels, bulk-like
NCs and defect levels related to VZn, respectively. In Eq. (3),
Figure 2. (A) Room-temperature OA (continuous-red line) and PLE (continuous-black line) spectra of ZnTe NCs annealed for 6 h. (B) k.p calculation for the spherical ZnTe NCs
embedded in the glass matrix. (C) AFM images of the ZnTe NCs grown in the near UV-transparent PZABP template, clearly showing three ZnTe NC groups: bulk-like (left
panel), QD1 and QD2 (right panels). The inset (top) is a 2D AFM image showing the close proximity of the QD1, QD2 and bulk-like NCs. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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NbðTÞ=sbr represents radiative emissions from bulk-like NCs.
NbðTÞeEA00 =kBT=sA00nr represents non-radiative energy transfers from
bulk-like NCs to virtual levels and NbðTÞeEB00 =kBT=sB00nr represents
non-radiative energy transfer from bulk-like NCs to defect levels
of oxygen complex centers.
Under steady state conditions, laser excitations are represented
by g ¼ N1ð0Þ=sQD1r for QD1, g0 ¼ N2ð0Þ=sQD2r for QD2 and g00 ¼
Nbð0Þ=sbr for bulk-like NCs. In addition, temporal changes in carrier
number do not occur, i.e.: ðdN1ðTÞ=dtÞ ¼ 0; ðdN2ðTÞ=dtÞ ¼ 0 and
ðdNbðTÞ=dt ¼ 0Þ. Substituting these conditions in Eqs. (1)–(3)
yields:
N1ðTÞ ¼ N1ð0Þ=ð1þ aAeEA=kBT þ aBeEB=kBT þ aCeEC=kBTÞ ð4Þ
N2ðTÞ ¼ N2ð0Þ þ N1ðTÞeEB=kBT s
QD2
r
sBnr
" #
= 1þ aA0eEA0=kBT þ aB0eEB0=kBT þ aC0eEC0=kBT
 
ð5Þ
NbðTÞ ¼ Nbð0Þ þ N2ðTÞeEB0 =kBT s
b
r
sB0nr
 
= 1þ aA00eEA00=kBT þ aB00eEB00=kBT
 
ð6Þ
Temperature dependent variations in the quantity of QD1 (level
j1QD1 i) carriers are given by Eq. (4). Here am ¼ sQD1r =smnr , (m = A, B
and C) may initially be considered constant. Substituting N1ðTÞ
from Eq. (4) into Eq. (5) yields:
N2ðTÞ¼ N2ð0Þþ N1ð0Þ1þaAeEA=kBT þaBeEB=kBT þaCeEC=kBT
 
eEB=kBT
sQD2nr
sBnr
" #
= 1þaA0eEA0=kBT þaB0eEB0=kBT þaC0eEC0=kBT
 
ð7Þ
In Eq. (7), the term N1ð0Þ
1þaAeEA=kBTþaBeEB=kBTþaCeEC =kBT
eEB=kBT
sBnr
is deﬁned as
N2ð0ÞðTÞ=sQD2r which represents temperature dependent excitation
caused by carrier transfer from QD1 to QD2. Thus, Eq. (7) can be
solved:
N2ðTÞ ¼ ½N2ð0Þ þ N2ð0ÞðTÞ=ð1þ aA0eEA0=kBT þ aB0eEB0=kBT
þ aC0eEC0=kBT Þ ð8Þ
where am0 ¼ sQD2r =sm0nr (m00 = A0, B0 and C0). Eq. (8) describes the
dependence of (level j1QD2 i) QD2 carrier quantity on temperature.
Temperature dependent variations in the quantity of QD2 (level
j1QD2 i) carriers are given by Eq. (5). Here am0 ¼ sQD2r =sm0nr , (m = A, B
and C) may initially be considered constant. Substituting N2ðTÞ
from Eq. (5) into Eq. (6) yields:
NbðTÞ¼ Nbð0Þþ N2ð0ÞþN2ð0ÞðTÞ1þaA0eEA0 =kBT þaB0eEB0 =kBT þaC0eEC0 =kBT
 
eEB0 =kBT
sbnr
sB0nr
 
= 1þaA00eEA00=kBT þaB00eEB00=kBT þaC00eEC00=kBT
 
ð9Þ
In Eq. (9), the term N2ð0ÞþN2ð0ÞðTÞ
1þaA0 e
EA0 =kBTþaB0 e
EB0 =kBTþaC0 e
EC0 =kBT
eEB0 =kBT
sB0nr
is de-
ﬁned as Nbð0ÞðTÞ=sbr which represents temperature dependent
excitation caused by carrier transfer from QD2 to bulk-like NCs.
Thus, Eq. (9) can be solved:
NbðTÞ ¼ Nbð0Þ þ Nbð0ÞðTÞ½ = 1þ aA00eEA00=kBT þ aB00eEB00=kBT
 
ð10Þ
where am00 ¼ sQD2r =sm00nr (m00 = A00 and B00). Eq. (10) describes the
dependence of (level j1bi) bulk-like NC carrier quantity on
temperature.
The steady state intensities from Eqs. (4), (7), and (10)
IQD1 ðTÞ ¼ N1ðTÞ=sQD1r , IQD2 ðTÞ ¼ N2ðTÞ=sQD2r and IbðTÞ ¼ NbðTÞ=sbr ,
for QD1, QD2 and bulk-like NCs, respectively, yield:
IQD1 ðTÞ ¼ IQD10 = 1þ aAeEA=kBT þ aBeEB=kBT þ aCeEC=kBT
 	 ð11Þ
Figure 3. PL spectra of ZnTe NCs at several temperatures for samples annealed at
480 C for (A) 0, (B) 6 and (C) 8 h. Dotted lines represent emissions from the three
different sized groups of NCs (QD1 (EQD1), QD2 (EQD2) and bulk-like NCs (EBulk-like))
and deep level defects (zinc vacancies (EVZn ) and oxygen centers (EO)). Red-open
circles are the total GAUSSIAN ﬁts for the PL experimental data (linear superposition of
the blue-dotted lines). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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IQD2 ðTÞ ¼ IQD20 = 1þ aA0eEA0=kBT þ aB0eEB0=kBT þ aC0eEC0=kBT
 
ð12Þ
IbðTÞ ¼ Ib0ðTÞ= 1þ aA00eEA00=kBT þ aB00eEB00=kBT
 
ð13Þ
In Eq. (11), the term IQD10 ¼ N1ð0Þ=sQD1r is temperature indepen-
dent because it only represents QD1 photo absorption. However,
the terms IQD20 ðTÞ ¼ ½N2ð0Þ þ N2ð0ÞðTÞ=sQD2r in Eq. (12) and
Ib0ðTÞ ¼ ½Nbð0Þ þ Nbð0ÞðTÞ=sbr in Eq. (13) are temperature depen-
dent. In other words, carrier-mediated, non-radiative transfer from
QD1 to QD2 and from QDs to bulk-like NCs is strongly temperature
dependent. There is apparent coupling between Eqs. (11) and (12),
and between Eqs. (12) and (13) that can be used for ﬁtting the PL
intensity experimental data, thus making it possible to deduce
the activation energy from the non-radiative channels of QD1 (EA,
EB and EC), QD2 (EA0, EB0 and EC0) and bulk-like NCs (EA00 and EB00).
Figure 5A–C show the integrated PL intensities (PL (T)), as a
function of temperature for QD1, QD2 and bulk-like NCs annealed
for 0, 6, and 8 h, respectively.
Figure 5A–C depict the behavior of integrated PL intensity
(IPL(T)) as a function of temperature for the QD1, QD2 and bulk-like
NCs, at 0, 6 and 8 h of thermal annealing, respectively. Integrated
intensity was obtained by ﬁtting a GAUSSIAN curve to the PL spectra
shown by the dotted lines in Figure 3. It can be seen that at low
temperatures QD2 integrated emission intensity decreases at al-
most the same rate as that of the of bulk-like NCs. However, QD2
integrated emission intensity decreases faster than that of bulk-
like NCs above temperature Tx. Moreover, the IPL of QD1 remains al-
most constant until temperature Tx0. Above this temperature, QD1
integrated emission intensity decreases at almost the same rate
as that of QD2. This IPL(T) behavior is caused by carrier trapping
in the QD1 and QD2 electronic states. Increasing temperatures
above Tx for QD2 and Tx0 for QD1 induce the gradual release of these
carriers via non-radiative channels. This transfer of non-radiative
energy from QD1 to QD2 and from QD2 to bulk-like NCs (or QD2
to QD1 and from bulk-like NCs to QD2) is a tunneling phenomenon
that is strongly dependent on coupling between the NC wave
function [29]. This effect is expected given the close proximity of
the QD1, QD2 and bulk-like NCs as seen in the 2D AFM image of
the Figure 2C inset. The ratio between these PL peak intensities
(QD2/bulk-like NCs and QD2/QD1) as a function of temperature is
shown in Figure 5A–C, for annealing times of 0 h, 6 h and 8 h,
respectively.
The temperatures obtained from the GAUSSIAN ﬁt were Tx = 105 K
(QD2/QD1) and Tx0 = 145 K (QD2/bulk-like NCs) at 0 h, Tx = 102 K
(QD2/QD1) and Tx0 = 126 K (QD2/bulk-like NCs) at 6 h, and
Tx = 97 K (QD2/QD1) and Tx0 = 120 K (QD2/bulk-like NCs) at 8 h.
These are the temperatures required to liberate carriers trapped
in shallow virtual levels (probably attributable to QD1 and QD2 sur-
face defects, respectively) [30]. Thus, the activation energy EA and
EA0 of these virtual levels (QD1 and QD2) can be found using the
expression: EA ¼ KBT and EA0 ¼ KBT , respectively, where KB is the
Boltzmann constant and Tx and Tx0 is the temperature obtained
from the GAUSSIAN ﬁt. The resulting EA values were: EA = 9.05 meV
(0 h), EA0 = 12.49 meV (0 h), EA = 8.79 meV (6 h), EA0 = 10.86 meV
(6 h), EA = 8.36 meV (8 h) and EA0 = 10.34 meV (8 h).
These activation energy levels (EA) decay with increasing
annealing time. This behavior may be explained by considering
the effect of quantum conﬁnement on the ZnTe QDs, where a red-
shift was observed in the OA band attributed to these NCs. Thus,
the increase in the average size of ZnTe QDs leads to increases in
density of virtual levels of surface defects, facilitating carrier trans-
fer from QDs to virtual levels via non-radiative channels.
The activation energy of the other non-radiative channels of
QD1 (EB and EC), QD2 (EB0 and EC0) and ZnTe bulk-like NCs (EA00 and
EB00) were calculated using Eqs. (11)–(13), respectively. These equa-
tions were found by ﬁtting the experimental integrated PL inten-
sity data as a function of reciprocal temperature (1/T), (Figure
6A–C). Thus, except for the previously determined activation ener-
gies EA and EA0, the terms used as ﬁt parameters I
QD1
0 , EB, EC andam,
(m = A, B and C) were calculated using Eq. (11). Therefore, the acti-
vation energies of QD2 (EB0 and EC0) were determined from the QD1
results and Eq. (12), and the activation energies of the bulk-like
NCs (EB00 and EC00) were determined from the QD2 results and Eq.
(13).
Figure 6A–C show that Eqs. (11) with three non-radiative chan-
nels, (12) with three non-radiative channels and (13) with two
non-radiative channels, satisfactorily ﬁt the integrated PL intensity
as a function of reciprocal temperature (1/T). This ﬁt level corrob-
orates the temperature dependent carrier model proposed for the
ZnTe NCs in the PZABP glass matrix.
Table 2 shows the thermal activation energy levels found for the
non-radiative channels of the ZnTe NCs (QD1, QD2 and bulk-like
NCs). Observe that EA00 decreases with increasing annealing time.
This can be explained by taking into consideration that the average
size of bulk-like NCs also increases with longer annealing times, as
mentioned in the literature [13]. This effect increases the density of
virtual levels associated with surface defects and favors carrier
transfer from bulk-like NCs to these levels. The increase in ZnTe
QD size also favor increases in the density of deep defects from zinc
Figure 4. Radiative (r) and non-radiative (nr) recombination in the PL spectra. Emissions from QDs, bulk-like NCs and deep-level-defects (EVZn and EO) are clearly identiﬁed.
A.S. Silva et al. / Chemical Physics Letters 599 (2014) 146–153 151
vacancies (VZn) because this would explain the decreases in activa-
tion energies EC and EC0. The observed decrease in activation energy
EB00 can likewise be explained by increases in the density of deep
defects related to oxygen complex centers.
Figure 5. Temperature dependence of the integrated PL intensity of ZnTe NCs at:
(A) 0 h; (B) 6 h and (C) 8 h. Black squares represent QD1 intensities, blue triangles
represent QD2 intensities and red circles represent bulk-like NC intensities. In the
insets, squares represent the ratio between integrated PL intensities (QD2/QD1 and
QD2/bulk-like NCs). A GAUSSIAN-like ﬁt was used to ﬁnd the maximums (Tx and Tx0).
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Figure 6. Experimental integrated PL intensity of ZnTe NCs as a function of
reciprocal temperature (1/T): (A) 0 h, (B) 6 h and (C) 8 h, for the QD1 (black squares),
QD2 (blue triangles) and bulk-like NCs (red circles). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Energy transfer from QD1 to QD2 and from QD2 to bulk-like NCs
is affected by the nucleation process of these NCs. During nucle-
ation, these NCs probably separate from each other with increasing
annealing time. This serves to heighten the potential barrier be-
tween QD1 and QD2 as well as between QD2 and bulk-like NCs,
which consequently discourages tunneling and carrier transfer.
4. Conclusions
Different-sized ZnTe nanocrystals were successfully grown by
fusion in a PZABP glass matrix and investigated by OA, AFM, PLE
and PL. Room temperature OA and PLE spectra and AFM images
showed the growth of three groups of different-sized NCs (QD1,
QD2 and bulk-like NCs). The k.p calculation is in good agreement
with the OA and PLE transitions and with the dot size values deter-
mined from the AFM images. Redshift in the OA spectra evidenced
gains in QD size with increasing annealing time. This evidence was
also strongly supported by the redshift in room temperature PL
spectra.
Expressions from the model, based on temperature dependent
PL spectra and a rate equation, agreed with integrated PL intensity
as a function of reciprocal temperature (1/T) for the QDs and bulk-
like NCs. Therefore, the temperature dependent carrier dynamics
developed for the ZnTe NC system completely describe its lumines-
cent states. Using photo or electric excitation to control carrier
pathways in semiconductor NCs is an important way to improve
the efﬁciency of photovoltaic or photodetector devices [31]. Thus,
the authors believe that the results obtained in this study can in-
spire great interest in research on ZnTe NCs with desirable proper-
ties for applications in opto-electronic devices.
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Table 2
Activation energy related to non-radiative channels of ZnTe NCs (QD1, QD2 and bulk-
like NCs) as a function of annealing time.
Annealing time
(h)
480 C/0 h 480 C/6 h 480 C/8 h
EA (meV) 9.05 8.79 8.36
EB (meV) 50.89 95.36 103.77
EC (meV) 292.76 168.98 160.00
EA0 (meV) 12.49 10.86 10.34
EB0 (meV) 55.76 102.54 154.32
EC0 (meV) 245.98 157.00 105.33
EA00 (meV) 39.83 34.41 29.89
EB00 (meV) 187.89 150.00 146.50
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